Abstract. We present the results of structural and morphological investigations of interactions between phases in the layers of Au-Pd-Ti-Pd-n + -GaN contact metallization that appear at rapid thermal annealing (RTA). It is shown that formation of ohmic contact occurs in the course of RTA at Т = 900 C due to formation of titanium nitride. We studied experimentally and explained theoretically the temperature dependence of contact resistivity ρ с (Т) of ohmic contacts in the 4.2-380 K temperature range. The ρ с (Т) curve was shown to flatten out in the 4.2-50 K range. As temperature grew, ρ с decreased exponentially. The results obtained enabled us to conclude that current flow has field nature at saturation of ρ с (Т) and the thermofield nature in the exponential part of ρ с (Т) curve.
Introduction
It is known that developers of semiconductor devices pin their hopes for production of novel element base for high-temperature-capable electronics on gallium nitride and GaN-based solid solutions [1] [2] [3] [4] [5] [6] [7] . Up to now, however, there are no substantial achievements in semiconductor electronics based on wide-gap IIIN compounds. The only exception is light-emitting diodes operating at temperatures close to the room one.
The theoretical calculations of AlGaN/GaN-based HEMT [1] and GaN-based Gunn diodes [8] predicted high values of their operating parameters -much over those of similar devices based on GaAs, InP and corresponding solid solutions. Until now, however, the predicted values of HEMT parameters were not obtained experimentally. As to the Gunn diodes, no microwave generation was found with them in the known experimental works. One of the possible reasons for this (along with the materials science problems and thermal limitations) seems to be ohmic losses [4] .
The functional purpose of ohmic contacts is to ensure the required parameters of semiconductor devices operating under preset operating conditions (up to the limiting ones). One of the main prerequisites for errorfree performance of semiconductor devices at high temperatures is stability of contact metallization. Since one of GaN components (nitrogen) is volatile, diffusion barriers are needed to prevent active nitrogen transfer (in particular, evaporation) in contact metallization. In addition, diffusion barriers are efficient stoppers for interdiffusion of metallization and semiconductor components [9] [10] [11] .
The device structures are heated in the course of (i) formation of ohmic contacts at their hightemperature processing and (ii) operation at elevated temperatures. This leads to a number of physicochemical processes and structural transformations in contact metallization. As a result, a nonuniform metalGaN interface appears due to formation of binary, ternary and more complex phases, both extended and localized. These phases lead to transformation and relaxation of intrinsic stresses followed by defect formation in the near-contact region of GaN and the layer forming ohmic contact. This may affect the current flow mechanism in the ohmic contact and consequently the value of contact resistivity ρ с . Despite a great number of experimental studies, the above processes still remain not adequately understood.
In addition, ohmic contacts (i) must have good adhesion, high electrical and heat conduction, (ii) must demonstrate low chemical reactivity (if possible, be inert) to GaN, (iii) must not form high-resistance junction layers, (iv) must be refractory to stand technological operation modes and limiting operating temperatures, and (v) must not distort interfacial microrelief. It is very difficult (or even impossible) to meet the above requirements.
It was shown in some recent experimental works on ohmic contacts to GaN that intrinsic stresses appear in the near-contact region of GaN because of mismatch between the coefficients of thermal expansion and lattice constants of semiconductor and metal. These intrinsic stresses relax as contact metallization is cooled, with appearance of high density of structural defects, in particular, dislocations. Their density, along with that of growth dislocations in GaN grown on foreign substrates (Al 2 O 3 , SiC, GaAs, Si), exceeds 10 8 cm -2
. Growth of contact resistivity ρ с with temperature was observed in ohmic contacts with the above density of structural defects in the near-contact region of n-GaN [ 21 12  ]. In some works [19] [20] [21] , growth of ρ с with temperature was observed within the range of operating temperatures for gallium nitride devices (~20 to 500 C). Some authors [12] [13] [14] [15] relate such a behavior of ρ с directly with a high density of structural defects, in particular, dislocations (both growth ones and those appearing in the course of manufacturing the ohmic contacts In-GaN (GaP)). The authors of [12] [13] [14] assumed that, in such a spatially-nonuniform medium, dislocations serve as formation centers for metal shunts that appear because of transfer of metal from the contact metallization over dislocations. However, this model explains the linear growth of ρ с with temperature only, as it should be in the case of metallic conduction.
At the same time, more complicated nonmonotonic dependences ρ с (Т) were observed experimentally (along with linear ones). They were explained in [16] [17] [18] whose authors assumed, using a model of metal shunts, that an accumulation layer (instead of the traditional depletion one) may appear in the semiconductor region adjacent to the shunt end. The calculations showed that allowance for that factor, along with limitation of current flowing through the metal shunts by diffusion supply of electrons, makes it possible to describe the experimental temperature dependences ρ с (Т), both growing and decreasing with temperature.
There are a number of experimental works dealing with the mechanisms of current flow in ohmic contacts to n-GaN, with allowance made for the temperature dependence of their contact resistivity. They describe the features of temperature dependence of ρ с in the temperature ranges 293-773 K [19] [20] [21] and 100-450 K [12-18, 22, 23] . At the same time, there are practically no studies of ρ с (Т) behavior in the 4-100 K temperature range, although they would be of importance for determination of current flow mechanisms in ohmic contacts to wide-gap IIIN semiconductors.
In this work, we investigated the formation mechanisms for ohmic contacts to n + -n-n + -GaN structure and mechanism of current flow in it within the 4.2-380 K temperature range. To make that contact, we applied the thin-film multilayer contact system Au-Pd-Ti-Pd .
Specimens and methods of investigation
We investigated the specimens of two types based on the n + -n-n + -GaN structures: (i) test structures for measurement of phase and elemental composition of specimens with continuous metallization layer and (ii) test structures for measurement of temperature dependence of contact resistivity ρ с . The n + -n-n + -GaN films were prepared on sapphire using plasma-assisted molecular beam epitaxy (PAMBE) at the temperature 800 C. The n + -layers were doped with silicon up to concentration ~2.710 18 cm -3 , the thicknesses of buffer layer, upper cap layer and undoped n-layer were 4 m, ~1 m and ~2 m, respectively [24] .
The layers Pd(30 nm)-Ti(60 nm)-Pd(50 nm)-Au(50 nm) were applied onto a substrate heated to 300 С using thermal vacuum deposition. The phase composition of contact metallization was measured using X-ray diffraction (XRD), with an X-ray diffractometer Philips X'Pert MRD (Cu K -line,  = 0.15418 nm) in the BraggBrentano geometry, before and after rapid thermal annealing (RTA) in vacuum (pressure 10 -4 Pa) at temperatures 700 and 900 C for 30 s.
The concentration depth profiles of elements in the ohmic contacts were taken with Auger Microprobe JEOL JAMP 9500F equipped with an INCA Penta FETx3 energy dispersive spectrometer (Oxford Instruments). Layer-by-layer elemental analysis was made using etching the surface of the specimen studied with Ar + ions (energy 3 keV). We determined chemical compounds in the metal layers of ohmic contacts by applying the software "Spectra investigator" (JEOL) and deconvolution of the Auger spectra, using the spectra of standard specimens (Ti, TiO 2 , TiC, TiN, TiB 2 ).
The temperature dependence of contact resistivity in packaged specimens was measured within the 4.2-380 K temperature range with the transmission line method [25] . The temperature control was performed with two thermoresistive sensors. Temperature was stabilized with an УТРЕКС К25в system: for temperatures below 30 K, at a level no worse than 0.05 K; for the range 30-100 K, no worse than 0.1 K; for temperatures over 100 K, at the level 0.5 K.
Structural and morphological studies of contact metallization
The results of Auger electron spectroscopy ( Fig. 1) and analysis of elemental composition at oblique cut of metallization (Fig. 2) showed that metallization in the initial specimen has layer structure with some smearing of concentration depth profiles near the corresponding interfaces Au-Pd, Pd-Ti, Ti-Pd. The titanium film contains up to 6-8% oxygen and 6% carbon (Fig. 1 ). An analysis of chemical composition near the contact forming layer-GaN interface showed that titanium penetrates through palladium film into GaN (see Figs 1, 2 and Table 1 ). Judging from the results of deconvolution of the Auger spectra of titanium (region of etching for 2-11 min, see Figs 1, 3) , the traces of titanium nitride are observed over the whole film thickness. This indicates a possibility of titanium nitridization already in the course of metallization layers deposition onto the substrate heated to 300 С. RTA at Т = 700 C breaks the layer structure of contact metallization (Fig. 4) and leads to intensification of the process of titanium nitride formation near the PdGaN interface. Taking into account the results of formation of Ti-based ohmic contact to n-GaN [3, 4, 10, 11, 26, 27] and in accordance with the data given in [28] , one may suppose that the following reactions are predominant in the physico-chemical process under consideration:
The results of deconvolution of the titanium Auger spectra (see Fig. 5 ) indicate also a possibility of TiC and TiO 2 formation practically over the whole region of intermixing occupied by titanium. Intermixing of metallization components is supported also by the oblique cut of metallization layers (Fig. 6a) and Auger spectra at the areas 1-7 in different regions of the cut (Fig. 6b) . RTA at Т = 900 C leads to decomposition of GaN [2, 3] and penetration of semiconductor atoms to the outer metallization surface with content of gallium up to 2 atomic % and nitrogen ~14%, as well as titanium up to 10% at the surface and up to 20% in the near-surface layer (Figs 7a, 7b ). An intense mass transfer of titanium to GaN is observed at the inner intermixing region-GaN interface (Fig. 7a) . The character of atomic profiles of nitrogen and titanium in the GaN near-contact region indicates formation of titanium nitride in it. This is supported also by the results of deconvolution of titanium spectra for the specimen considered (Fig. 8 ) that indicate predominance of TiN (as compared with TiO 2 and TiC) in the ohmic contact region. It follows from the above data that just titanium nitride forms ohmic contact to n-GaN.
It should be also noted that the surface morphology of the upper metallization layers and metal-GaN interface correlates with the concentration depth profiles of metallization components after RTA at Т = 900 C (Figs 9 and 10, respectively) . Indeed, after RTA the unetched Au film is not continuous. One can see this from Fig. 9 and analysis of elemental composition in four local areas of surface ( Fig. 9 and Table 2 ). All the components of contact metallization and semiconductor are observed in different surface areas, with a higher content of titanium and palladium where the gold film is broken and lower content of titanium and palladium where the gold film is continuous. This indicates the high degree of metallization layers intermixing as well as possibility of formation of phases containing titanium and palladium, in accordance with the high-temperature phase diagram Pd -Ti [29] , say, according to the reaction PdTi 2 + 5Pd → 2Pd 3 Ti. As to the GaN surface morphology after removal of metallization by etching of the specimen subjected to RTA at 900 C, one can see from Fig. 10 that it is characterized by a developed microrelief. The surface analyzed contains small amount of titanium (local areas 1 and 2 in Fig. 10 and Table 3 ), and gold (local area 5 in Fig. 10 and Table 3 ) (which indicates mass transfer in the contact metallization) and small amounts of carbon and oxygen (see the corresponding local areas 1-5 in Fig. 10 and Table 3 ). A similar structure of metallization layers and GaN surface can be seen rather clearly at the oblique cut of that specimen (Fig. 11 , local areas 1-5 in Table 4 ). One can see that the GaN surface is of the same type as in the previous figure (local area 1 in Fig. 10 and Table 3 ). Presence of titanium, palladium and gold was detected in the GaN near-contact region (local area 2 in Fig. 11 and Table 4 ). The palladium and gold content grows considerably when going at the contact cut to the upper metallization layer (local areas 3-5 in Fig. 11 and Table 4 ). Judging from the concentration depth profiles of contact metallization components (Fig. 7a) , this characterizes the intermixing region that occupies practically whole metallization thickness. Table 3 . Elemental composition of five local areas at GaN surface after RTA at Т = 900 C (metallization layers removed). Table 4 .) Table 4 . Elemental composition of five local areas at cut of contact metallization after RTA at Т = 900 C. The phase composition of the Au-Pd-Ti-Pd-n-GaN contact metallization for the initial specimen and that subjected to RTA at Т = 700 C (900 C) are presented in Fig. 12 (curves 1, 2 and 3, respectively) . One can see that the XRD pattern of the initial specimen contains reflections Au (111) and Pd (111) from strongly textured metal layers. Since the reflections from the titanium film are close to those of gold and palladium, it was impossible to determine the structure of the titanium film. Formation of the PdTi 2 phase was detected after RTA at Т = 700 С, so it seems that titanium in the initial specimen is most probably in X-ray amorphous state. The fact that no reflections from pure palladium and titanium were detected after RTA at Т = 700 C indicates their complete intermixing. Only slight shift of the gold peak was detected. This seems to be related to diffusion of palladium and titanium atoms to the gold film. Formation of the Pd 3 Ti phase and nonstoichiometric phases of the Au x Ga (Pd, Ti) solid solutions were observed in the specimens subjected to RTA at Т = 900 C.
Thus, one can conclude from the above data on the elemental and phase composition of contact metallization that a thin layer of titanium nitride is formed near the contact forming layer-GaN interface. Just this layer determines the contact ohmicity. As to the efficiency of diffusion barriers, judging from our previous works [9, 28] , it is possible to increase it by using a thin film of amorphous TiB 2 as diffusion barrier that does not interact (up to Т = 900 C) with either the metallization components or GaN. 
Electrical characteristics of Au-Pd-Ti-Pd-GaN ohmic contacts
The IV curves of ohmic contacts taken before and after RTA at Т = 700 C (900 C) were linear. At room temperature, the initial specimens and those subjected to RTA at Т = 700 C demonstrated rather high contact resistivity (ρ с = 2…3 cm 2 in the initial specimen and ~0.3 cm 2 in that after RTA at Т = 700 C). After RTA at Т = 900 C, ρ с decreased considerably and was ~2 at room temperature. The typical temperature dependence of ρ с measured in the 4.2-380 K temperature range is presented in Fig. 13 . One can see that the ρ c (T) curves flattens out at temperatures below 50 K. In this case, the pure field mechanism of current flow takes place because of high degeneracy of semiconductor in the near-contact region and pure electron tunneling through the barrier. The tunnel current near Т = 0 K is described by the expression obtained in [30] . One should note that, as Т → 0, the tunnel current density J FE may be written as . exp
Here, q is the elementary charge, N d  shallow donor concentration (to which the electron concentration is equal), 
The expression for temperature dependence of tunnel contact resistivity ρ c (T) is obtained by differentiating the tunnel current density (Eq. (2)) with respect to the applied bias:
At higher temperatures, current flow is determined by the thermofield mechanism, and ρ c (T) is given by the corresponding expression from [32] 
where N c is the effective density of states in the conduction band at Т = 300 K, kT T E T ) ( ) ( 
Conclusion
The measurements of temperature dependence of contact resistivity ρ c (T) for the Au-Pd-Ti-Pd-n + -GaN structure with the impurity concentration within the 4.2-380 K temperature range showed that there is a portion of ρ c (T) curve independent of temperature in the 4.2-50 K temperature range. The pure tunnel mechanism of current flow is realized in this portion. At higher temperatures, ρ c (T) is decreased with temperature, and the main mechanism of current flow here is thermofield emission.
It is found that, owing to RTA at Т = 900 C for 30 s, titanium nitride is formed in the near-contact region of GaN in the Au-Pd-Ti-Pd-n + -GaN contact metallization, besides Pd 3 Ti phase and nonstoichiometric phase of Au x Ga (Pd, Ti) solid solution. This titanium nitride forms an ohmic contact.
